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Abstract 
Cytochrome css2 from Nitrosomonas europaea was analyzed by visible, EPR and MCD spectroscopies. The visible and MCD data show that histidine 
and methionine are the axial ligands to the heme iron of the ferric protein. The EPR spectrum of the cytochrome shows an atypical highly axial low 
spin (HALS) type signal with g-values that make it difficult to identify the axial ligands. These results reinforce the value of near-infrared MCD 
spectroscopy for assigning ligands in ferric heme systems and point out the difficulties in using only EPR spectroscopy for the same purpose. The 
description of another c-cytochrome xhibiting a HALS-type EPR signal will eventually be helpful in explaining the physical basis for this unusual 
signal. 
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1. Introduction 
Nitrosomonas europaea derives energy for growth by 
oxidizing ammonia to nitrite. The oxidation of hydroxyl- 
amine to nitrite is catalyzed by the enzyme hydroxylam- 
ine oxidoreductase (HAO; NH,OH + H,O + HNOZ + 
4H’ + 4e-j. Two of the electrons abstracted in the reac- 
tion are eventually transported to ammonia monoxyge- 
nase (AMO), the enzyme that catalyzes the first step in 
the oxidation of ammonia (NH3 + O2 + 2e- -+ NH,OH 
+ H,O). The other two electrons are directed to the 
terminal oxidase. The monoheme cytochrome c,,, may 
be the physiological electron donor to the oxidase. 
Cytochrome css2 is approximately 10 kDa in size. The 
sequence of the first 47 residues of the N-terminal region 
[l] suggests that this cytochrome belongs to the family 
of small acidic cytochromes cs5r (cytochromes c7), typi- 
fied by cytochrome c,~~ from Pseudomonas aeruginosa. 
The percent identities are roughly 40-50% when the se- 
quence is compared to other members of the family [Z]. 
The N-terminal sequence included the heme-binding 
region of the cytochrome, confirming that histidine is 
present as the fifth ligand to the iron. The report also 
proposed that the sixth axial ligand to the Fe was a 
methionine residue based, apparently, on the presence 
in the cytochrome of a small peptide that contained a 
methionine residue surrounded by a cluster of prolines 
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[l], a motif that is highly conserved in this class of cyto- 
chromes. However, identification of the sixth ligand to 
the heme in a c-cytochrome is more reliably determined 
by spectroscopic analysis rather than by comparison of 
an incomplete amino acid sequence to that of other mem- 
bers of a small family of related cytochromes. Never- 
theless, little spectroscopic work has been reported for 
cytochrome cfs2 beyond a UV/visible absorption spec- 
trum [3]. We report here a detailed spectroscopic analysis 
of cytochrome csT2 that defines optical, EPR and MCD 
signatures. Methionine is firmly established as the sixth 
ligand to the heme of this cytochrome. Furthermore, the 
cytochrome is shown to exhibit a HALS-type EPR sig- 
nal. Such signals are unusual, but are observed in a small 
number of very diverse cytochromes. Since the physical 
basis for a HALS EPR signal is not completely under- 
stood, the characterization of another cytochrome exhib- 
iting this signal is helpful. 
2. Expaimental 
Nitrosomonas europaea was grown as described previously [4]. Initial 
fractionations of cell-free extracts involving ammonium sulfate (AS) 
precipitation and gel filtration chromatography (Sephadex G-100) were 
also as described previously [5]. About 30% of the cytochrome cs5* was 
found in the 80% AS pellet and the remainder in the 100% AS pellet. 
After fractionation of the 80% and 100% AS re-solubulixed pellets on 
the gel filtration column, fractions cont~ning cytochrome c552 were 
combined then further purified first on an octyl-Sepharose column 
essentially as described previously for cytochrome c5ss peroxidase [5]; 
second on a DEAE-Sepharose column equilibrated with 10 mM KPO,, 
pH 7.5, buffer and eluted with buffer + 50 mM KCl; third on a Se- 
phadex G-50 column equilibrated with 50 mM KPO.,, pH 7.5, buffer 
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containing 0.2 M KCl; and fourth, if necessary, on another DEAE- 
Sepharose column equilibrated with 2 mM KPO,, pH 6.2, buffer and 
eluted isocratically with buffer containing 10 mM KCl. 
Optical spectra were obtained on a Hewlett Packard HP8452A diode 
array spectrophotometer. EPR spectra were recorded with a Varian 
El09 spectrometer equipped with an Oxford Instruments ESR-10 liq- 
uid helium flow cryostat. Methods for temperature measurement and 
g-value calibrations have been described previously [6]. MCD spectra 
were recorded using an Aviv Associates 41DS circular dichroism spec- 
trometer and Cryomagnetics Inc. cryomagnet. A typical spectrum is 
actually a difference spectrum in which data recorded with the applied 
field in the reverse direction is subtracted from data recorded with the 
applied field in the forward direction, the result then being divided by 
two. In this manner, contributions arising from natural circular di- 
chroism are subtracted from the spectrum. For MCD work in the near 
infrared region, samples were prepared in deuterated buffers. Reported 
values of pD are actually pH meter readings + 0.4 in accordance with 
the suggestion of Glascoe and Long [7]. In order to obtain optical 
quality glasses upon freezing, aqueous amples were diluted in deuter- 
ated glycerol (50% v/v). Deuterated reagents were obtained from Cam- 
bridge Isotope Laboratories (Woburn, MA). 
3. Results 
The visible absorption spectrum between 450 and 750 
nm for ferric cytochrome css2 is shown in Fig. 1. Like 
many c-cytochromes with methionine ligation, a weak 
band is observed near 695 nm. The molar absorptivity 
at 695 nm was estimated to be 970 M-’ . cm-‘. This is in 
the same range as the molar absorptivity values reported 
for horse heart cytochrome c (850 M-’ . cm-’ [S]) or 
Pseudomonas cytochrome cs5, (800 M-’ . cm-’ [93). 
The near-infrared MCD spectra of ferric cytochrome 
c552 at pD 6.1 and 9.6 are shown in Fig. 2. The two traces 
are identical in shape with the exception that the more 
alkaline sample gave a signal of slightly lower intensity. 
The low energy maximum at 1,800 nm is clearly indica- 
tive of histidine/methionine coordination [ 10,111. The 
negative trough at approximately 705 nm is additionally 
suggestive of methionine coordination, but is more like 
the feature observed in Escherichia coli cytochrome b,,, 
[12] and El aeruginosa cytochrome c551 (J. Peterson, un- 
published observation) than in horse heart cytochrome 
c [13]. The intensity of the 1,800 nm maximum (340 
M-’ . cm-’ at 4.2 K and 5.0 7’) is similar to that observed 
for II aeruginosa cytochrome Cam, [l 11. This is approxi- 
mately twice that observed for horse heart cytochrome 
c but about as expected for a system displaying a HALS- 
type EPR signal [ 11,141. 
The EPR spectrum of ferric cytochrome cs5* is shown 
in Fig. 3. A HALS-type (highly axial low spin) EPR 
signal was observed. Values for g, and gY were deter- 
mined to be 3.34 and 1.768, respectively. Since g, could 
not be observed, it was calculated to be 1.311 using 
& + $ + d = 16 [15]. Using the equations of Taylor (I/l 
2) and axial (d/I) crystal field parameters are calculated 
to be 1.13 and 7.00. This gives V/A = 0.16 and 
a2 + b* + t? = 1.001, values which fall within acceptable 
ranges as the analysis demands [16]. The crystal field 
parameters are quite different, however, from those for 
cytochrome c551 from P: aeruginosa (V/l and A//l are 1.28 
and 3.45, respectively [lo]), another c-cytochrome with 
His/Met ligation which exhibits a HALS-type EPR spec- 
trum. 
Wavelength 
Fig. 1. Visible absorption spectra of oxidized cytochrome cT5* in 50 mM KPO,, pH 7.5. 
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Fig. 2. Near-IR MCD spectra for oxidized cytochrome cr5r at 4.0 K and 5.0 T in 50 mM MES, pD 6.1 (upper trace) and 50 mM CHES, pD 9.6 
(lower trace). Both samples also contained deuterated glycerol, 50% (v/v). Path length = 0.3 mm. 
4. Discussion 
The wide range of EPR parameters now reported for 
ferric protoheme and c-type ferrihemes with His/Met 
axial coordination further supports the position that 
EPR spectroscopy alone is not a reliable indicator of 
axial ligand type [10,13,17,18]. In addition, while obser- 
vation of a 695 nm band in the electronic absorption 
spectrum of a low spin ferric hemoprotein can be taken 
as strong evidence for the presence of a methionine li- 
gand, this feature can be very difficult to detect and, 
therefore, difficult to distinguish from artifacts. It is the 
near-infrared MCD spectrum of Fig. 2 which provide the 
clearest evidence for His/Met coordination as well as the 
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Fig. 3. EPR spectrum of oxidized cytochrome cssZ in 50 mM KPO.,, pH 7.5. Conditions: microwave power, 1.88 mW, modulation amplitude, 10 Gauss; 
modulation frequancy, 100 kHz; microwave frequency, 9.215 GHz; temperature, 2.1 K. 
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absence of any pH-dependent ligand exchange processes 
in oxidized cytochrome css2. 
Thompson and co-workers [ 10,l l] have shown that 
the position of the lowest energy near-infrared charge 
transfer transition (EC-) observed in low spin ferric 
hemes is indicative of axial ligand type. Moreover, there 
appears to be a linear correlation between ECT and the 
crystal field parameters of the central ferric ion. Teixeira 
et al. [18] have pointed out that this could reasonably be 
expected to lead to the same kind of ambiguity in ligand 
assignment as noted for EPR ‘truth diagrams’. Although 
this logic is correct, the analysis of Gadsby and 
Thompson [lo] simply provides a convenient rationaliza- 
tion of results obtained from a large number of very 
diverse systems. Furthermore, it must be remembered 
that the electronic structure of these systems is poorly 
delineated. For example, in low spin ferric derivatives 
(which are nearly covalent) one does not actually observe 
transitions from pure a-type to pure d-type orbitals since 
considerable orbital mixing occurs. Consequently, while 
it may be surprising that the combined application of 
EPR and MCD spectroscopies to the problem of axial 
ferriheme ligand identification works as well as it does, 
it has proven to be entirely reliable. Specifically regard- 
ing the present work, all substantiated cases of His/Met 
coordination, for which near-infrared MCD data have 
been reported, exhibit E, in the range 1,740-1,860 nm. 
They are thus easily distinguished from ferric hemes with 
other combinations of axial ligation since these others 
yield substantially different ECT’s. 
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